
(t,':l!J" Jl('1 ['\\11/(1\ Int'ul\,(, l'l>1JlJ)!f" cdd,n).,l (]lgnrilJJ111s., If it

1\ nece:,sary 10 decode an HDTV lIJnSmlSSlon compicleh
lO order to extracl a low-resolution video sIgnal for dIsplay
in a small low-perfonnance receiver, the receiver cannot
be so low in cost. It is much better to use a pyramid
coding scheme in which the simplest receivers deal only
with the lowest level of the pyramid and can ~fore use
the simplest and least expensive decoder.

Interopenbility is also affected by the c:Iwmel coding
scbeme. Ideally, oae would like a raoge of eocodets of
difFaeat quality (RlIOlutioo) to be able to COIDlIPmate
wi1b a ruce of decodera. In Chis way receiwn of cIiffeRot
price ad ped'muMe could I11I1ClCl1pt the lime trIDIIDit
ted tipal. wbile the sipak IaDIaIi8ed from •.aqe of
CDCOden of clifferem reIOlUCioR wwkl all be ·lCCIpIable
by all deooders. ODe way· ill wbic:b tis can be done is
dilc:ulled ill Sectioo m-D.

B. Noi6te GItdl~ Control

Noile can asuaIly be defeated by tnmmrittiDg al higher
poweI', althoacb IOIDe limits are set by pmctical aDd ec0

nomic CODIidendoas. HoweYa', the maiD limi1atiOD OIl

trusmitted powec comes from the need DOt to iDterfere
~casivdy with other stations. In the cue of IIDTV,
(be FCC'. illfIeDded traDsitiOD tcClMrio calls for adding
HDTV ItItioas while c:anat NTSC ItItioos Rm&in on
the air. 'Ibis IDUIt be done witboat 1D8terja11y reduc:iIlg the
laW. cownae. wbile ~tbe AIDe time 1ItIjnm, adequate
covent&C for the DeW tninsmiuioBs Af.tu NTSC is shut
down, oo1y HD'IV statiODs will raDIiD eo the air, and
they must have coverqe similar to today', •.ODS, but
withiD •~ ovcnll apecaum allocation. It is clear
Cbal HDTV Iipals mast be rec:ownble allower~ than
DOW zequired for NTSC ad that tbey mUSt bave better
interfereace pedOl'lDlnCe. 1b the extent iba1 digital data
is traDmritted,. error c:orredioo and ooac:eatmenl must be
impIemadlod ill order to~ lppIOp(iatc image and
IOUIId quality. "Ib the exteDt tbal aaa1o& iDfOl'lDltion is
truImitIied. the recovered aigaals must have appropriate
SNR.

ParbeltDDiIe perfcnratace illdae IIddiIhe wbite Oaullian
DOite cJwmeI, dae ...._ d....IbDaId be 1IDiform.

1) NoIM ht/on..",/fir DItI'*" 1J«tI: WidIiIl a given
~CIPICitY.1iIDltIId by .........ad CNR, eaors
C8UIed by nolle are~ in pdDciple,' by coctiDg,
as loag as the Sbamaoo aile is· DOt exceeded The closer
!be toeal tnmsmillim rile (Iipal data plus error-com:ction
data) t() the SbaDDoo dIIImel CIpIcity, the higbee the
UDCOllecttd (raw) enor rate. 1b~ net blismission
rates that are a substantial fraction of the Shannon rate,
the raw error rate must be quite high. A combination of
outer ReedISolomon plus inner trellis coding has proved to
be an effective method with manageable complexity and
coding delay [27]. A corrected bit-error rate (BER) of 5 y

106 is the generally accepted threshold of service. a'; ~ITnr

concealment is effective at that rate.
All digital modulatIon methods have sharper thrc\hol,j'

than analog scherlle'" and ciHkd dign:>] melh<)'~ h,\·..

CXircm<:"h ~,Larl' thresholds In ana]"l' s\,QCI11·.. WhICh h:l\.

~,Ult thrc~i)(i~d·- L..'(,vcr;,Ji>·..' I~, u\uali} (d.li..~uL~l{'d (Iii th,' I!,:"

of a CNf< 111;\\ IS exceeded In hall Utl' h0!11C:, hall 01 !it

time. There IS as yet no generally agreed-upon values "',
these percentages for iligital transmission, but it is clc:u
that reception must be guaranteed much more than 50% 01

the time.
2) Noi.s~ Peiformmu:e for Analog Data: In uncoded ana

log systems such as NTSC, the SNR of the RlCOVCIed video
signal is exJdlyequal to the CNR of the transmitted signal.
In coded aaalog systems, such as PM or spread spectrum.

it is poIIibIe to trade offbudwidth ad SNR. altbougb. the
trIdeo« is .......y DOt. effective as.in dipal modulation
such. PCM..1fdie badwidtb of the cWa to be UlIDImitied
is lea dim dullorthe cJwmc:,1, ID~ in SNR can
be Ildaiewd. Par -M'''' if S MHz iI the 1IIllbIC c:baDnel
bIDdwidtb, 10" c:aa be ...w"iaed per tIeCODd.
If the DUIIIbea' of to be. hMaminecl iI less 1ban
dU, the SNll of the aecmfRd IipIl can be biabet chan
tbe cbaaDel CNR. Wlth apreed apoc:tzum., if Ibc different
origiDal sipI1 samples~ dift"eRIlt SNR. Ibeu another
improYemeDt is poaible by transmitting the more aeusitive
samples • 1dIIi~ biat- power witboat chasing the
statistical pInlIDeta'S of the sigDal in the dIIImd [39].

3)l~PerjoJ7'lJllllCe: For a given telalive power,
analog sipals~ the least with each ocber wbeo they
appear to be l'IDdom noise to each other.32 1bis is easily
ICCOIDplisbed with cli&ital tlaDwinion, aDd is one of its
major adVllltlpl, but rIIe1y meatioaed. Oae zault is that
the tbftlsho1d carrier-to-Doise ratio is about the same as the
1bresbold carrier-to-interi'ereoce ntio (aR). ADalog signals
musl be sc:nunbled to ac:c:omplisb the same aad, and this is
also readily accomplished with modem teebnology.

During the trIDSition period to all-HDTV broadcasting.
the intafereooe between HD1V aDd NTSC is an important
consideatioo. Intafaeace is mutual; IfA is less illtelfered
with by B, it can be traDsmitted at lower powe:t, thus
interfering less with B. Of coane, JeduciDa powec may
reduce cow:nae~ it is noise limiced. It is much casiec
to plan the 1ocatioa aDd power leveJs of trmsmiuen wben
DO IWiou are u.dy OIl the.• in the bad ill question.
WbeIl....HDTV IIIIiclIII in dae lpOCU_aow aI10aded
to NTSC, dae ........ is JDlICb.__ cIifBcaIt. Bowevec,
Ib'OD8 JWiIaDce to IDleadiuI8ifea......IIahraya beIpfu1.

4)~ t1Nl Acc:aawe 0Irrier llMxNery:
Altboagb. DOt • f.Ic:eor in tpeCUUIIl~, 1JDCbmoiza
tioD of all cloc:b is a vecy imporCIat prw:cicalCClIIIideration.
Accurate dock rec:oYeIy is vital to minimiziDg the BEll
The ability to syoc:hIoaize lIpidly and a:antdy in the
presence of noise, multipath, aDd inted'ereoce is essential
to achieving proper coverage and is a great convenience
when changing channels. One of the merits of NTSC is its
ability to synchronize under very noisy conditions. a merit

32This is one of the most serious limiwions of NTSC Relative
randomiz.allon of the scanning panerns would have greatly improve.d
,he m'erfereoa performance On the other hand, the known nonunlfonn
'l)o('qrum ·:)f NTSC can be llsed to d('cn.';l.'...c iLl) lnl.c:1('rrm(' lnlO full\-

lr'dnmll...cd \lgnah !2h}
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)n llIIIH-qd\.'. \\lk-Il/()III/~HIUll d'l-(" 111'1 rt:t..lulrc 1!le U',t

of ally clIannl"l capaCity. If thc ~Y~il'nl I' '''cll dcsll;ncJ,

statistical parameters of the signal, such as RMS value,
autocorrelation function, etc. are well determined and can
be used for this purpose. The use of synchronization signals
not only uses some channel capacity. but inserts some
periodicity into the signal. which increases its potential for
interference with other signals. As a practical matter, and in
view of the current stale of the art. it 8ppe8ts than devoting
• small amount of cbanne1 capICity to this fuDctioo md
8CIClepting • slight increue in intedeftlllCle are defensrole
decisioos. In 1be GA compeciciOD f« die dwme1-eodiDg
ICbeme, the Zeaith syIfeID. wbicb does use pilot carriers.
wa Ible to syoc:bronize at aubItaDCiIlly 1oMr'aG. Chan the
GlICbeme, wbich did DOt. 1bis VIa m impcxtaDt factor in
cbooIing the former over the 1aaa" (31).

C. MIIltipath aM FnqUDtq Distortion Control

Multipath. Which is • linear ctistol1ioo. c:an be corrected
by IiDeIr cqneJizing filla'S in the lime awmer as other
sources of frequeacy distortion. Noise limits the perfor
ID8DC:e of equaIizIers in two ways. If the 1IDCIOmlCted signal
is DOily, c:a1cuJarioo of the filtu'paramdaS must be done
slowly eDClUIh 10 as toawra,e oat tbe DOiIe. Bven if the
filter .......... IR correct in tenDs of tieqaency respooae.
• Iaqe iDc:zase in noise aw ftIIU1t if 1beIe are oear-nulls
in die I1DCOI1'ClCted apecIl'lIiI1. For SCM. eaors are c:eused
both by iDcompIetdy curec:ted frequeDcy~ which
leads to an impeafect "eye" pattem,or by'noise. which also
pIrtially closes the eyes.

Bc:boes c:an be reduced in ampIi'lDde. but geneR1ly not
completely removed, by use of biablY directiooal receiving
antenDas. Almost whatevermodaIatioo and error-e:urection
syIlaDS IR used, it probably will always be nec:essary to
use cIiftlCtioaal antennas at tboIe 1ocIDoos that otherwise
'M:laId hPe Dell' nulls in die ~UUL

Tbe sicuIioD is somewhat dift'enDt in multicanier mod
uIIIioD (MCM) becIuae tbe dIIa em C8IIien mceived at
ntIItiwly low ampIi1IIde baa a BBR. dian dI1a OIl

c:miea NOlIliwd It ft'IIIIiwIy III1Ib 1e 1'be data
in -* trM.iDN IIIoc:t ca be many
CIl'dIn (ptefeably IIIof.....) at piiidQ"wme Iiakl:d
by a code. For eumpIe, tbe pcd.oa of die diIa with 10wec
CNR can be weipeed'lea Mally bY the decoder [30].

'Ibere is vety Iitde dItI UIiJIb&e OIl tbe efl'ect of equal
izatioa on CNR in typical~.. aituaIioas. Recent
tests at the Advanced~ Test Ceater using seven
different combinations of echoes with a total power 7.5 dB
below the di«ct signal have shown that the threshold CNR
goes up. aVeraged over the~ echo sets. about 2.5 dB
(31]. It should be kept in mind that much worse echoes
are often encountered and that, therefore. a substantial
reduction in coverage is likely if there are large echo,.
near the boundary of the service are<!

!) Implementation 0/ lhe Equalizer, Equalization (;1Ti

( lined <'III In lite III11e (Jorn:ulI or 1)1<' frequency dom.Jll !

", 'IiRI-I1l1 R ADVANCED TI-l rVI.\lo~: \Y\IT~IS lOP 1TRR!:;n'1~,1

'1 \-IF 1 l' -1 ",',:lH'\\'L;q I\)ll~'l'l tll.ln tl'l'

,>1 11 ,,' i'\ I,,· I" t'f1l'C{\\ I.' In nil .,,1 I.-,:",l'

III!. nUIP":' l<~ ;c llilear C0ll1hln311(\1l 01 till" sir-nah ;1\ th,

\'anf)U~ (.1r~ of the tilter-lypically 256 (0 1024 TIle tal
coefficients are obtained by various methods. Sometime~

clock recovery is combined with coefficient calculation
Some methods use transmitted reference signals and some
("blind deconvolution") use the main received signal itself
as refereooe [32}.

In the fIequency domain. equalization can be accom
plished by dividing the chaune1 output into a large number
of aarrow.baDd c:ompooentS and multiplying CIch by a
single complex fIdor. 'Ibis med10d is based on the &$

sumpcioIl dill Ibe froqueacy respoase i$ Cll8IW1t across
each DWlOW bmd. wbid1 is IImOIt certIiDlY JaPfied wben
there me many baDdftlds of etwmek Tbe dfect of IDC:b an
eqaalizIti<Ia is e:acdy the SlIDe U _ of a conapoadiDg
IiDeIr filter opeAdaa ill 1be lime domIiD. Note dill in tbis
form of equaliZIdon. a coawaient pilot Iipal coosists of
m usemb1aF of line WI.\"CS « a swept-fiequeDcy sipal.
sometimes c::alled • c:birp. A coaveDieDt pilot signal for
Qme.domain openD.on is ODe 1bIt determines the impulse
tapOOse of die cltlnad, sacb as a pulse.

Obviously, tiJDo.4oma.in cqualizaIion is more natural for
SCM and frequeac:y-domain com:dion, wbich geocnlly
is mucb eMier to implemeat. is IIlCR aatural for MQi.
HoweWI', Cbele is DO tbecxetic:al objec:cion to iDfeR:bansing
these tee:baiques, siDce the sigaal c:an be abifted easily•
although at some expeue. from one domain to Ibe other
by meaas of cbe Fourier TrIDsform.

A variant OIl die linear ldapdve equalizer is Ibe decision
feedback equaliza' (DFE) (33]. If an cquaIizer is operating
10 that cbe BER is low. then the c:banDel frcqueocy IapODSe
is known. fairly .x:urately. If 50, Ibe trusmiaed sipal can
be calculated at Ibe~ver from tbe~vedsipallDd the
known fIequeocy response. The echo can then be calcuWed
aDd the reedYed sip perfectly c::oaec:aed by subtracdng
the form« from the latter. 'Ibis mecbod does not add noise
as does • liDcIr equalizer. However, to the exta1t Cbat there
are arora in the ftlCIived sigaal. dais pmcea may iDaeue
die eGU' t*. Simple .............. tbat dMft IDDSt
be a ........ CNR abcM ~.IbeDflB iwpoveI tbe
pdme""Oe" bdow wtdch it 1be 1pIIW

'DIe cnciI1 h IbII dIe is
wbedI« a DflB..... ex dind"i CCMaF [40],

No~ DPB bas boera Rl()Oded. but there
seems to be DO IeIIOIl why this mecbod could not be used
in both S)'IIIIDI. if it poYed to edeDd die duesbold.2'~of Dyrtami.c MIIItiptrth: RIpidly dumging
echoes in the presence of a good deal of noise present a
serious problem for linear equalizers, since it may not be
possible to average over a time long enough to suppress
noise in the calculation of equalizer parameters and at the
same time follow the dynamic multipath. There seems to be
little work reported on this issue However. a recent paper
dea.!Jng with MCM indicates that, if the movmg echoe
.lIe 'l!fflC!<?Otly random. they mil\', indeed, be made to add
.• )f)',lflICll\'e!V 1341 Presumably. If lar,!'!? fi.v,j (', he,,·, (oul·j
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D. An &ample ofa Te~strial System
HevinI 1M DaiIeiJ Properties

We DOW praaIt me outline of a ta'nl:ItrW broadcasting
IY*lDl - is ""ideal" in the ICQ5e that it is intended to
meet me requirements previously clisc:uaed It uses some
of.. tIlCbaiqaes that were meacioaed earlierand is suitable
fer ate eidaer wiIh • centralized tnumiaer or in a siJlsle-
fIeqaeacy~ The Iaaa' pws me m,best posat1>le
specuum dIidebcy; the r.lmer giva IpeCClUm efticieocy
at least • Iood as die' aU~tal tthmes. It features
maltitaoludon combined IOQtoe ud cb8IuJe) coding. As a
taWl. it supports a good transition scenario and makes pos
sible the~ of relatively inexpeQsive receivers for
ebbet cadpration of traasmiuers. Cownge is exteDded
atlbe 10weIt performance~l and very bigb reaolution is
aieYed in regions of bigb sipa1 stn:a&dL Interoperability
is aood. • ~ sigDal can easily be decoded at a number
of pedanDaDCe levels. Ibe lower levels ftlq1Iiring simpler
decocIen. SiIDplereocoden caD be UJed wbeD broedcasting
loww-ftllOllltioll material, sacb as~ NTSC, in
wtaic:Il c::ae ecMnF is furtber~ Hybrid 1Da

IoIfdIIbl~ is 8Iecl ... wtda • COIDbi:ution
of ... IpeCUm _ COPDM far ... dcieDcy and

aoocI -'\Md. peiiI't\»lI''''''' DiIMl'" is IUbjecIed to
a powedW forWIN eaor-ec:aeedoll pmcea. AD aU-digital
waioa is avaiI8ble for.~ Ibat ftlQUire it.

1be pIrticu1ar system UDder tiIII1UIioD bas a muimum
ftlI01udoD of 768 x 1280 x 60 fps~y ICIDDed.
There are tine levels of quality. ftlCCmnble at different
receiver CNR's, as shown in 'hble 1. This system is meant
to be an eumple of what can be done with the methods
used. aud is not a prescription for the best possible -scheme
for any partic::ular application. although it is thought to be
reasonable for use in the US with 6-MHz channels. Fig .. 5
shows sample frames at the three levels of resolution. These
frames are from a coded seque.nce with a good d{,~1i "f
motion_

I) Source Coding A py'Jnlld ',cheme 3S Hl F"
lI'cd A hiilh-\cvel h\()('k (\".)":1" "{ (me level "j I' ".

';)_1

is shown in Fig. 6. It is clear that Ibe ty1tem is closely
reWed to MPBG. 1be iDput IipIl to die coder is the
diffemwe betweeo die filtered oripaI IDd me image as
recoosttucted by the receiver from the lower levels. if any.
A low-pass filter picks out the portion of the differeoce
sipal to be coded. The resulting signal is dowo<:onverred
and the predicted fDme at the same lew1 is subcnctcd.
The prediction error is subjected to a wawJet transform
(any otber transform might be used) ,and die coefIicients
to be retained are tbeIl adaptive1y Idec:tecl. The Jelected
(;OCftiaeats are traDamiued as analog IIIDples aDd die
~ve se1ecCion information is transmitted disitaUy,33
using less tban one bit/sample.

The~ flame CODSists of die previous frame plus a
motion-eompensated coded version ofdie predicted cbaDge
from the last frame to the curTent frame. Fig. 6 shows
the motion estimation being performed by c:omparing the
current flame with the reconstrUcted pcevious frame at
this coding level. In 111 likdihood. the fiDIl system will
calculafe the motion vectors dh'ectly from the original
bigb-l'CIOlution video, using an iDaemeaw scbeme for
die motion information requited at ac:h level PiIIIIly, the
recoutIUCted fnme is upooovetted aDd IUbIracted from the
iDpot Iipa1 to fonn die iDput si.pal tor die DCIt level The
decodec at the P!lCeiWlC c::oasists of the eIemeats within tbe
doUed tiDes. .

Tbe lowest Ie\IeI of the pyramid...MPBG-1 cocIiDa and
aIl4aitII tmasnrillioa lita..c1a1lleofabout 10Mbls,
iIJducIiDs· audio. ·forward aror~ _ -=iIIary
data. 1be !let coaecfIed video data me is .....,.,.. las
than 4 Mbls. MPBG coding permits adYatlp 10 be Iakeo
of aVlliJab1e c:hips.1n the simplest ftlCeiwc, die entire soun:e
decoder wood c:ousist of a siogle such dUp. 1be hiper
levels of the coder generate analog coefficient amplitndes,

33This _ 1iw the amplit\lde ud ideIltific:aDoa of lhe coefficieats
are IlQt jointly coded. u in MPEG. md 1iw lhe c:orre1aQ<ID berweea these
two values is DOt fuUy exploiltJd in the cowptCSSioca tcbeme. Mudl of chis
JIPPllR'lIt correlatiOll is relaltJd to the fact m-t the selected c:oefti<:ienlS~
la,-ger and more numerous at lower spatial ~uettciesand smaller and less
pumerous at higher spatial frequencies. The sparsiry of higher-frequencY
~ (X'lllclcm" 1\ h~\'l1y exp~oite.d In t.h<: vector coder us.ed '0 transmit the
dcntl(l<-.at!(.H'r oj ftu: selected cocfflCJent.., TIK overall dfKi'"l\c'V of ()'~ln:

II' K"'h'len' Inlon1l3!IUn I'. til k.3S1 a': h1rh a\ H1 t--1PF(,



Fig. 5 These three pictures a.re of a sin~k frJme in a sequence with .a g()()(j ,1('

They arc Ihc low-, mcdium-. and hlgh,rc.')olullon "crSJon~ Wl!h lhl' p;:u.:Hlh~lf·'<

by lhc pnnllJlg proce\s. III order to sh',Iv. l)W 11\J(' n"oluuon n1()fI'

l)cl~>, 1·, tL.ll nul' tlo(" pH'v'nl ,n \1,("'." ~\" I'llI"

)' ql"'~!On, plodu(,,~d Wllh the :'·lcvd :,\,,:.1('01 Ot'scnbt'd In \ Ttl'l,n \lUI
!,Il,j( I ;\11 11)1'.,'1..,' picture', ,II\..' <,<1111,'\'. kIt h'dl.l~( ,! I 'T "dlJ\~'

\~II !"'I I' 'II' ,< ,';1<. h PICllll~' II' t"'l"n < ',l.llf"'" .

,';~ LI, '(.1
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.... 6. 0- Ltrw.l t1/ 1M PynMri4 ScHuu~r. The video dIIa lor me canaIl frame that _ DOt cocIed • ao- Iew:ls is pocc:aed by alow.,.. m.. providiIIa lbe cilia (a) 10 be cocIed al til 1cvcl. The pmdicfed ClIlTClIl frame (b) is lbea IUbCrKted from lbe LPF a.lpaL The resu1W1t
pnldiclciae .... (c) ( lbe "IaiduaI") is IlIIljeQed 10 • wa¥det llalllform (88" ocher lI'IIDIform CGIIkI be 1IIed) and lbe~ tIOfL6 ;"m tballCIec:tcd
in • ......,. -:II • DOt 10 lllaIId die IIoowecl n' niNa CII(*lly. wIIicb is 2.5~ each for Ie¥eIs 2 IIId 3. MocitIa ..:fIlID~ ClItimated
by tt............ frame wtda dIe·1'tICCIlIIlI'lI~ fnIIDe (f) ill lbe ... eIIiIIIIIt«. (MOlioG at • ca be pcr{orllllld in _y
.......) MoCiOIl..:flllD ,.. OIl =Me_ JeIecCiaa cilia ao 10 .. cIiIira1 ... d lbe -.cI c:oda'. wtwe ClOdIIcielltl ao to
die ...,. ..... 0apIeIie .....-c for CIdlIew:l, ..... IDIdIo4 ideadallio dill d lbe .....; is aeqaRcI al die ill 10 pIOduce Cbe
'I~ a ,....fnae~ from II.lbe IftIlIil:*ld~ rm-. ..-..calif , s t~ The _.-dc:maIl frame (e). wbic:h
is pnIlIDoed by ...... die predic:daa CIftlI' (eI) 10 die ~".. (b). illIllac:tecI from lbe Iip1 from lbe pevious Ie~ to
podace lbe dIla for 1be Ballew!, if ued. For~ PJIPllRI d til k is .....s cbIt lIIlR is DO 4elay ia ay IDOduIe excqJl the delay
module IDCIdIe 1DOtioo~ JndictOl'. Physical imRlemeatatiOll as a pipeUDe proceaor ftlqV.iIa tdditiooal4elay modules.

J.4, \Voe cannot of course, e'"J.pec1 {('l T'l."Xc\Ve 30 MbJ'S Wllh a u"\ablv SfTl2d

CfTor rale exccpl al vcry hIgh CNR )n order for lIdll" codmg 1(', h".l\'(>
a tllrh nxhng ~;1I11 31 ;l p.;.tnlcllbr "/'.)"" the cqu\\.\knl r;n.... ,,'rUl: 'll., I
v..:h.11 l' ,"en: In 111,-' '.!I:lIllH'! r1)11',1 h idol

digital coefIicient selection data. digital motion vectors, identical error-c:omdion systems. each consisting of an
and aDci1lary data, together with additional audio data, if outer (rate .8) Reed-Sol0m0n coder and an inner (rate .5)
desired. ttellis coder. The output of each of the systems is a four-

F.mtJC,IUsbments as used in MPEG and similar systems level (2 bits/sample) stream at S Msymbolsls. The three
may, of coune, be used here as well. For example, predic- outputs ~ combined to produce • 64-~ signal that
tioD can be bidim:tiooal (at the cost of lIdditiooal stonge) determines the angle o( the c:oastdJltioD Point
the better to deal wi. DeWly revealed lIaS, a decision This pu1i.cu1ar constellation is used because it allows
betweea iDter- and inuaflame codiD& can be made OIl a nearly indepeodeot decodm, of IDI10J IDd cliPtal data..
~ or bIoct~-bloc:k·buis,aDd Ibc coding For tbe lowest 1evel.wi1h a JIO!I'diIiW cia rate of 10
can be ....... lli Ibc "- of. die ........, as for. MbIs _ aDIlttmX'~ cilia I'IIe~oaly4 Mbfs, the

24-fpI6lm (35).~ .1CaIe Ibc pediGti<xl error is . CXJIIIboI1... loob•.~AMCIt4-PSK. ad is Yerj cay
........ny IIIIICh for«Mllli!!Q08S 1IMJdoa.~ cbe .. 'to deCode,'lD addltiOa. it is qai1e i'GbaIt ill 1be paeoce of
dIqes~bespread oat 9Wl' teYCftl fAmes,.to .'1J1DImiU:.:.f~'.pbaeaoble.lt abou1d &cili1are'tIle design Of1ess expensive
the peak data rate. Ofcourse. sceDe changes am be flaaed. teeeiverSY' ~_';",,' .....' - .

2) <1IaIWl Coding: The traDsmissioo uses die cooste1la- ..
tiOD shown in Fig. 7. It.is a ooounifonn 64-PSKscbeme The cIuamel (X)(Ier IS shown m Fig. 8. The two~ of
witb 5 'Msymbolsls for gross data rate of'30 Mbls3'4 analog data froIillevels two and duee of the pyrarmd coder,
and a net error-~ dataarate of about 12 Mbls. Digital each of about 2.5 Msls, are weighted, added., and input to
data sets the angle of the constellation point, and analog the sP.read-spectrum modulator (SSM). The outp~t of ~e
data (actually a constant plus the bidirectional coefficient SSM IS an analog data stream at 5 Msamplesls in which
pulse stream at 5 Msamplt"..sIs) sets the amplitude. Three each sample is a linear combination of a huge number of
digital streams. each of 4 Mbfs, are fed into the thP"'...e successive analog coefficients, weighted in such a way that

the coefficients of level 2 are recoverable at a lower CNR
than Iho~e of level 3. and that the relative SNR of the

Tcc,wered coeffiCIents is oplimum according \(' lheir ~palJ:l\

frl"~llt'nC\ Tfv' tln~~e QH'aT11' I1f di)21ta! d;J\;J ;:HC procc\"·,I,'11
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l'II. 7. 21w OM""""" 'Ibis is lbe bybrid~ to be
.. "Y - .,.... DfIIlaI dill ......... _ .p 10 am
........ 64-PS1C wldI .. 1~12 dB '*- Iewb. 1be
......... II .......... fImc:tioII of die ... u-form
"""'" ... liter ._ ." a_ pi I ! I 11Ie of the
U- _ ptclpOIticlaaJ 10 die 1'1III ftlae of die ... IipaIs.

by the FEe as (nViously described. and then combined
with die output of the SSM to fonn a complex hybrid
symbol atream at 5 Msymbolsls. 'Ibe latter is input to the
caFDM processor, which produces a baseband version of
the signal for input to the transmitter [36].

The corresponding receiver is shown in Fig. 9. The
receiver generates the modulated signal at baseband, cor
rupted by noise and tiequency distortion in the cbannel. The
COFDM demodulator p~~ a version of the complex
hybrid symbol Ibam. and the properties of the channel
(gain, pbue, and CNR for each c:aniec) are~ on a
continuing basis. The amplitude of the demodulated .signal
is passed to theapread-spectrum demodulator (SSD) along
with the c:hanDe1 estimate to produce the coefficients for
levels 2 and 3. The phase of the demodulated signal is
passed to the demultiplexer, which also makes use of the
c:baDDel estimates, and is tben~ into the three
orlgiDal an:ams. These are decoded by die eaor-eonection
dec:odcn; apin usiD& the dwmel estjmates. The recovered
aDI10a aDd diPallipals are UJed in die pymnid decoder
to .... die IeYCD1Ievels « die WIeo Iipal.

1Wo~ peIformIIIcc...... fer the diPI1 pill of the
IY*ID lie IbowD inFia- 10. 11Ie..« acb «die tbree
daIa-. as a f1IDcdoIl of the QGl ill a ct.Del perfect
except for • is dePc*Jd by 1be IlOIid IiDeI. UIiDg tt.e
left-hand 1C8le. Nodce Chat the 1breIboIds are septI'*d by
10 to 12 dB. As expec:ted, the performance of each stream

is not as good as if that stream bad been transmi~ by
itself, and the petfonnance of all chree is limited by the
analog data that was added to the digital data. The weighted
average SNR of the recovered analog infonnation of the
upper two levels is shown in the right-hand scale. Note
that the two fonos of data are nearly independent. sin<X'
the phase and amplitude can be decoded separately. TIlt"
added analog data has some effect on the BER. as dew' th'
channel noise.

Note that the thresholds for the l.hree levels of quail\., '11"

"h,nlt (. 1-:' dlHI '."1 dB. Wh,'ll l\:If' ""I!ed :11 full reso].)!W,

When trlmS1Diuing at the lowest n:solution only, as for
upconverted NTSC. simple 4-PSK is used and the dm:shold
is about 3.2 dB. When tzansmittiDg the two lowest levels
only, the thresholds are about 5.5 and 15.5 dB.

The dotted lines in Fig. 10 show the petformance of both
the digital and the analog traDSDrissions in the presence of
of echoes. The particular collection of echoes used was
one of those used by ATI'C in their~t tests of the all
digital systemS--dle one we judged to be most difficult
Comparison with the solid lines permits an assessment of
the degradation of dueshold caused by multipatb. Note that
the quantification of the relative performance of siDgle
and multiple-<:arrier modulation systems in the praeoce of
multipath is a question that has generated a certain amount
of controversy. This measurement is the start of an attempt
to answer that question in an empirical manner. 1be echo
results are preliminary.

3) All-Digil4l ~niolZ.: For changing this scbeme to all
digital. wbile pmetYiDg the maximum similarity so as
to enhance interopenbility betweal the diPtI1 aDd hybrid
venioos, die coefIicieaII aeed simply to be qaaadzed with
an~ IIIIIIIber of biIItIIarpe IIId 1beD eauopy
coded if deIincl. S(:nId spedlam CIa tdIl be. aed 10

as to blnc two cbteIboIds for 1be codcienII; die tbIee
tbt1ltboIds for die data abat is ....riaed diIDDY ill 1be
hybrid venioa are IIftC'lIan&ed. The maiD e&ct of using
all-digital transmission is that the cb8Dnel is used less
effectively so that somewhat bigber CNR is needed in an
analog cbaDne1 for the same picture quality. On the other
hand, full digital representation may have some advantages,
such as allowing the use of digital VCR's.

T\·' CONQ..,USIONS

We have analyzed the perfonnance factors 01 an ad
., anced television system for terrestrial broadcasting in
"w liS that arc required to maximiz'e i\S acceptabilit)

\1 SclTlOUS stak.eholders TIle btter include rcru13tors.
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1.80/" 180 dcg odB 175 I"" 180 dc£ o dB

1.95/." o <kg 20 dB 1.947/" o <kg 20 dB

4 3.60 /1' 72 <kg 10 dB 3.60 1-" 72 <kg 10dB

5 7.501" 144 <kg 14 dB 7.50 /is 144 <leg 14 dB

6 19801-" 216 <kg 18 dB 6 1970 iJS 2[6 <leg [8 dB

Ensembl~ C Ensemb[~ D

Path Delay Phase Attell Path Delay Phase Attn
1 0.00 liS 2S8 deg IS dB I 0.00 its 2S8deg 20 dB

2 1.80115 ISO deg OdB 2 1.80 ItS 180 deg OdB

3 1.95 liS Odeg 20 dB 3 1.95 lAS Odeg 20 dB

4 3.60 liS 71dcg 20 dB 4 3.60 lAS 71deg IS dB

:5 7.so lAS 144 «k:g 10 dB 5 7.so 1'5 144 cIeg "
,

14 dB

6 19.10 lAS 216dcg 14 dB 6 19.10 11.' 216 dcg /10 dB

~E EmembleF
Path Delay PbIae AIID Path D!IaY PIIIIIe AlIA

I 0.00 itS 2S8dcg 20 dB I 0.0011.' 288dcg OdB

2 1.80 itS 180 deg OdB 2 0.20 It' ISO cIeg 10 dB

3 1.9S itS Odeg 14 dB 3 1.90 11.' O«k:g 14 dB

4 3.60 itS 71 deg 10 dB 4 3.90 ,.S 71deg JBdB

5 7.50 Its 144 deg 20 dB ~ B.20 1'5 144deg 20 dB

6 19.5O I'S 216 deg It dB 6 15.0 liS 216 deg 20 dB

Ensemb[e G
Path Delay Pbase AlID

1 0.00 II' ISO deg 19 dB
2 0.20 liS 0 dcg 0 dB
3 0.28 IlS .. 180 deg 22 dB
4 0.35 itS ~ 180 deg 17 dB

S 0.50 II' ISO deg , 22 dB
6 O.SO 11.' ISO del 19 dB

n-1ft «be _ coDoctioDs of ec:boeI .-cI in «be ATTC... of the all-diJitll~ 1lIe z.l&h I)'Item auft'aed IIboat a 1.5 dB iDczase in
thresbo\d. neap OYer all seven coUeaioDs. The tat shown in Fif- 10 used ooly CoI1edioII D. wbic:b we judged liD be die worst.

broadcasters. equipment manufacturers, program producers,
and the viewing public. The factors that emerge as most
important are spectrUm efficiency. c:overage venus quality,
cost. interoperability, and the existmce of an aoceptable
transition scenario. As a result of dlis aulysis. we find
that existing proposals do not meet all cbe teqUiraDents.
and 10 'We bave propoIed an~ The IIUec IIUIbs
use ofhybrid 8DaloJfdiIiIal1l:UllDiakla~with joint
IOIIRle aod cUaae1 codiDa- It pIO¥ides IeWD1 levels of
quality accorcIiD& to leceiwr COlt aod Iipal coadiaioaa ad
supports siagle-frequeucy operaQoo. A simple rece1wr can
be used for the lowest level of quality. and omnidirectional
antennas can be used in most locations.

APPENDIX

MISCONCEPTIONS ABOIIT DIGITAL BROADCASTING

Digital processing has many well known advantages over
analog processing. For lhis reason, digital signal processing
IS already widely used In the TV studio. Digital video
tape recorders arc now common and, of course, a digital
sIgnal represcntarion " needed to utilize these machme:,
'Tlwre I', J.l\~) no douhl tlu r .,-11f_1il<~! ~nurc(' c()din~ 1\ '''\If)(·ri()~

to analog source coding. For this reason. all the earlier
proposed HDlV systems. including MUSE. which uses
analog cbaonel coding. use digital source coding. The rW
issue is wbedler aU-4lgital~ is requited in order
to achieve the high compression ratios made possible by
digital source coding. The aDS'ftC is DO, IS evideIIced
by the hybrid I)'ItaD de:laibed aboYe in Sedioo m-D.
Hybrid ......... permits CCJ04lItlliOll: CClIDJlII1Ib1e to
that aa.iDab1ewilla cIlIba11J'AD1lD111kl1l. At tbe IDetime, it
permits 'bealtI' dJ:IIion ofcbe 1J'1IDI1IiIasio~ ofcbe
ta!eIUial.bmedclltiDg c:bannN. wIIic:b, dec an. is PurelY
analog. This and other aspects of digital transmission are
discussed in the fonowing paragraphs.

A. Utilkation of Channel C4p0city

1ltis is not an easy SUbject to address, since there are
so many variables and so many differences in the func·
tional characteristics of digital and analog systems. This
discussion is, therefore, open to varying interpretations.

An analog HDTV video signal, such as that of the NHK
"studio" system, has a bandwidth of about 32 MHz. To fll
tim within an analog 6-MHz channel requires a bandwidtJ~

,mnpress\on ratio of 5.3. Narrow MUSE :ltL\'n', a rall" ,',;



3Ov,'beQ we speak: of the "lransmissioo rate" of an analog signal .
we must also give an error criterion. A good example would be the
case discus~ above where a comparison was made betwe:en Narrow
MUSE aDd an alI-digilal sysleln, in which the analog transmission in the
nOIsy channel produ~ pictures of about the same qualit'l as the digital
transmission -

]; nus argument IS nOl confine<:! to simple hard·<kClslOn decoders II
:.1pp!JC\ equally (0 fllOt'e sophisticated schemes in ..... 'tllch. 31 tile (Ul:.i:

,j'(l''.lon level. .a cholcc is made as to whICh mc-.;;~arc W;!' I ,','1 iI~,cl\ k'

\\ P- h("'f] '-..("rl{ r,lvcn (he rceciv<:,d !>iPLl~ ;\nd, ~·dull ~ IH'\\,1c.·.·,
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B. Nois~ and lnU!rfe~lICeRejection

It appears that joumalists writing about the "digital
revolution" have a vision of distinct ones and zeros (pulses
and no pulses) traveling through a dwmel and being
cleaned up by clipping out the noise after reception. Of
cowse, Ibis is DOt the case in broadcasting. In order to
achieve a transmission rate anywhere near the theoretical
capecity, large Dumbers of suc::cessive bits must be coded
together, complex analog waveforms must be used to
represent the blocks of data, and extensive error correction
must be used.

Even some of those who do understand the technology
persist in malcing the unqualified statement that digital
transmission is more resistant to noise than is analog.
This is misleading, since it is only true if the attempted
transmission rate is far below the channel capacity. The
quantization noise introduced by digital transmission is
always larger thin the noise that can sadily be clipped OUL

For • valid compaisoo, the tranuniJlion Iates «the digital
and aDI10s sylfelDllIIUIt.beequal, Itbas DlMltbeeIl proven,
and pobebly is DOt true, dJat for a giw:a lrMImissioo rate
in a c:bBael of Iiwa~. cIigital transmissioo is more
resimDt to noise Iban 8D8log.36

Noise rejection by c:1ipping3' is confined to applications
in which the nnsmissioD rate is well below the channel
capacity. In proposed digital cable systems. many programs
are to be transmitted on one wire at rates as close to the
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4:1 by aeduction in diagooaJ resolution together ~ith a kind
of temporal intalace, the latter being made acceptable by
~ve intelpOladon. The balance of the required
ClOIIIpIaSioo mdo is achieved by reduction in vertical
resolution to 750 lines. Digital systems of comparable
picture and sound quality to that of Narrow MUSE, on
the odIer baDd, have an uncoded data rate of more than
600 Mbls. and use about 17 Mbls for coded video in
the c:ban,.,.1," for a~on ratio of about 40. Since
cliaital systems are Miiped to operate ,with a threshold
am of about 16 dB. wbile Narrow MUSE needs about 40
dB, a valid comparison must use a digital channel coder
reconfipRid to have a threshold of 40 dB. That taises
the traDsmission rate by a factor of 40116, or 2.5. In that
case, the digital source coder would need a compression
factor of 16, rather than 40. This can be compared with the
value of just 5.3, as needed by an analog system of about
the same quality. This comparison between bandwidth
c:omprasion in an analog system and data compression
raDO in • cliaital system is valid because Ihe noise on
the~ aoalog video bas the same effect as
m..eI DOiJe in the Ir:iDd ofCIOdiD& I)'Itoem used in Narrow
MUSE. 1be ado 1615.3 is 1ben:fcR • meuure of the
~ cA diabI frWWniaion in the aaalog c:bannel
71uu~ InIrUIIdaiGn 16 Ius, not mo~. ejJidJmI than
tI1IIJ1oi tn:rIIIftIluion ill this C'4Ue. Purtbermore, at receiving
points where the am tbreshold for digital transmission
is exceeded, and where the aulog system is capable of
effective "tjliution of the additioaal cbaDnel capacity by
producing better pictures, the performances of the two kinds
of systems diverge even more. Fmally, the analog system

. preserves usable service at CNR's that cause the all-<iigita1

schemes to fail entirely.

a

3S For this example. we take a digital system of resolutioD 720)< liF.1i
x 60 IPs Progressively scanned. with the chrominance resolutIOn s<"' 31

half the luminance resolution in both directions. The compresse<:! daLa ra,,'
IS that of the AT&T1Zenith system The meffIciency comes from m'il.
sources, iocludlOg transmission a1 less than the ShAnnon rate. hC3\ '~' nr

COfT'CCllon, mo~ audio dat.::J, and, pcrtuP' ;1 k\.;, ("f11(I(~n~ d'>'.\fli'1

the IUlld3.l11cnt:ll Image Infnn1LHI.')n

JII&. 9. a..-l ~r. 'l'be ...... is !be iIlvcne or lbc
........ far ..... ,..mille 'l'be~ rapoose
CIl ....... is .-...cI ow'""elly. 'DIe 4IIliIDIIe is lIIed in
*..-a' "..?J ad !be
...... III." , 'DIe ud digiuI
lIMa .. fed ID !be _ decocIc:r ID .-..rIXt !be imlge.



channel CaraCIlV as pradl\;l1 all,l willi l!(/<ld enol Cllfll','llIlI\

To lise repc~Hcrs In that casc, complete JCll1oc!llLrll( 'Ii

decoding to a baseband digital dal;J Slream, and rccodll1~

would be required at every repealer, a procedure that
would be impossibly expensive. In any event, the ability

to regenerate digital signals many times in a long series
of repeaters with simple reshaping and negligible effect on
the BER. which might be applicable to some kinds of long
distance relaying applications, is not relevant to terrestrial
broadcasting, where repeaters are not used.

C. MullipaIh &jection

ODe does DOt lee posts in digital tdevision pictw:es. and
pedIIpI Ibis is the rasoo why some oI:leerwn bave come
to~ tbIl dilital trusmiaioa ....:11::1 posts. In
fxt. 1be preeeDCe of posts, eva1 ofratber ..u amplitude.
rai8eI the BBa 10 IUCh a depee that digitaltml"Diuioo be
comes impoaible. Ghosts ".""first be JWrIOHIl in ol"tUr to
pemtil digikIl ti'rJllsmisrion al any rueful rrlte. This is done
by some kind ofequalization, as discussed in Section m·e
lroDicaUy, sbould 111 analog cbaDne1 be properly equali2ed.
1hen analog 1rIDStDission will give gteady improved picture
quality. To some ~t, this will be done with the "ghost
eliminators" that have been developed for NTSC (37].
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